The Herpesvirus Saimiri Tip484 and Tip488 Proteins Both Stimulate Lck Tyrosine Protein Kinase Activity in Vivo and in Vitro  by Kjellen, Peter et al.
Virology 297, 281–288 (2002)The Herpesvirus Saimiri Tip484 and Tip488 Proteins Both Stimulate Lck Tyrosine
Protein Kinase Activity in Vivo and in Vitro
Peter Kjellen,*,† Kambiz Amdjadi,* Troy C. Lund,† Peter G. Medveczky,† and Bartholomew M. Sefton*,1
*Molecular Cell and Biology Laboratory, The Salk Institute for Biological Studies, La Jolla, California 92037;
and †Department of Microbiology and Immunology, University of South Florida, Tampa, Florida 33612
Received December 10, 2001; returned to author for revision January 17, 2002; accepted February 12, 2002
Herpesvirus saimiri (HVS) of subgroup C efficiently induces leukemia in New World primates and transforms human
lymphocytes. The viral tyrosine kinase interacting protein (Tip) binds to the tyrosine protein kinase Lck and is essential for
transformation. Understanding how Tip modulates Lck activity is important for elucidating the mechanism of herpesvirus
saimiri leukemogenesis. However, there are reports suggesting that whereas the Tip protein of HVS strain 484 stimulates the
activity of Lck, the Tip protein of HVS strain 488 inhibits Lck. To determine whether these two divergent Tip proteins have
opposite effects on Lck activity, we compared them in parallel. We found that both Tip proteins stimulated Lck kinase activity
in vivo and in vitro and that both stimulated NF-AT- and STAT3-dependent transcription in T cells. Our data support the modelaction
e; NF-AINTRODUCTION
Infection by the rhadinovirus (2-herpesvirus) Herpes-
virus saimiri (HVS) causes acute peripheral T cell lym-
phoma and lymphocytic leukemia in New World pri-
mates. In its natural host, the squirrel monkey, the virus
is apathogenic (Fickenscher and Fleckenstein, 2001; Me-
lendez et al., 1971). HVS has been classified into the
subgroups A, B, and C based on differences in oncoge-
nicity and on sequence divergence in the left end of the
110-kb nonrepetitive L-DNA region of the viral genome
(Desrosiers et al., 1985; Medveczky et al., 1984). HVS of
subgroup C, but not of subgroup A or B, efficiently trans-
forms human lymphocytes from the thymus or peripheral
blood into continuously proliferating T cell lines
(Biesinger et al., 1992; Medveczky et al., 1993). Two
transforming genes have been identified within the left
end of L-DNA region of the viral genome, STP (saimiri-
transformation-associated protein) and Tip (tyrosine ki-
nase interacting protein) (Biesinger et al., 1995; Geck et
al., 1990; Jung and Desrosiers, 1991; Jung et al., 1991).
Mutant forms of HVS subgroup C have shown that the
presence of both STP-C and Tip are necessary to immor-
talize T lymphocytes and induce fatal lymphoma in com-
mon marmosets (Duboise et al., 1998; Medveczky et al.,
1993; Murthy et al., 1989). Furthermore, Tip is required for
oncogenic transformation in New Zealand White rabbits
1 To whom correspondence and reprint requests should be ad-
dressed at Molecular Cell and Biology Laboratory, The Salk Institute for281(Lund et al., 1997a) and it has recently been shown that
T cell lymphomas develop in Tip-transgenic mice. (Weh-
ner et al., 2001).
HVS strain 484 and HVS strain 488 encode similar but
not identical Tip proteins (Fig. 1). The Tip484 protein is
shorter (214 amino acids) than the Tip488 protein (256
amino acids) and they differ in sequence by 29% (Fig. 1).
The Tip484 and Tip488 proteins both bind specifically to
Lck, a member of the Src family of tyrosine protein
kinases. Two domains in Tip play a role in binding to Lck;
a proline-rich domain called the SH3B or LBD1 (Lck-
binding domain 1) that binds to the SH3 domain of Lck,
and a second domain called either the CSKH or the LBD2
(Lck-binding domain 2) that bind to the C-terminal half of
Lck (Hartley et al., 2000; Jung et al., 1995a; Lund et al.,
1996).
Lck is a member of the Src-family of tyrosine protein
kinases and is expressed exclusively in lymphoid cells,
predominantly in thymocytes and peripheral T cells
(Sefton, 1991). Evidence for a crucial role of Lck for T cell
development and T cell activation is substantial. Lck-
deficient mice show a pronounced thymic atrophy, with a
dramatic reduction in the double positive (CD4 CD8)
thymocyte population and very few peripheral T cells
(Levin et al., 1993; Molina et al., 1992). Furthermore, a
mutant form of the Jurkat T cell line, JCaM1, which lacks
the expression of a functional Lck tyrosine kinase, fails to
respond to TCR stimulation (Straus and Weiss, 1992).
Reintroduction of Lck in JCaM1 cells restores the ability
to respond to TCR stimulation (Straus and Weiss, 1992).that HVS infection increases the activity of Lck through the
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Tip does not bind strongly to two other Src-related ki-
nases, p60Fyn and p53/56Lyn (Wiese et al., 1996), indi-
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cating that binding of Tip to Lck is specific. Because Lck
has an important role in T cell activation, it is likely that
the binding of Tip to Lck plays a role in T cell transfor-
mation by HVS.
Published articles have suggested that the Tip484
protein and the Tip488 protein may have opposite effects
on the activity of Lck. The activity of Lck is increased in
human peripheral blood T lymphocytes infected by HVS
strain 484 (Lund et al., 1997a), in Jurkat cells transfected
with Tip484 (Lund et al., 1997a), and in transiently trans-
fected 293 cells (Hartley et al., 2000). In contrast, stable
expression of Tip488 has been reported to suppress
tyrosine phosphorylation of proteins in lysates from un-
stimulated or anti-CD3-treated Jurkat T cells and to sup-
press activities of Lck and Zap-70 in such cells (Jung et
al., 1995b). Furthermore, the transformed phenotype of
NIH-3T3 fibroblasts expressing an activated form of Lck
is suppressed by the coexpression of Tip488 (Jung et al.,
1995b).
The signal transducer and activator of transcription-3
(STAT3) is activated by Tip484 in the presence of Lck in
Jurkat T cells (Lund et al., 1997b). Phosphorylation of
Tip484 at tyrosine residue 72 (Tyr72) appears to be cru-
cial for this activation (Hartley and Cooper, 2000). In
contrast, a mutation of the homologous residue in
Tip488, Tyr at position 114 to Phe, has been reported to
enhance the suppression of cellular tyrosine phosphor-
ylation (Guo et al., 1997). Given the essential role of Lck
in T cell activation, understanding of how Tip affects Lck
activity is essential to unraveling the mechanism of T cell
leukemogenesis by this herpesvirus.
In an effort to determine whether the Tip484 and
Tip488 proteins have opposite effects on the activity of
Lck or whether the apparent differences reflect differ-
ences in the assays used, we have here compared in
parallel the effect of the Tip proteins from HVS strain 484
and HVS strain 488. We found that Tip484 and Tip488
exhibited similar activities when assayed in parallel.
Both Tip484 and Tip488 enhanced Lck activity in vivo and
in vitro. Furthermore, we found that Tip488 containing a
Tyr to Phe substitution at position 114 had equal stimu-
latory effect on Lck activity as wild-type Tip488. Both Tip
proteins stimulate NF-AT- (nuclear factor of activated T
cells) and STAT3-dependent transcription when ex-
pressed in Jurkat T cells. Finally, as with Tip484, we
found that the presence of Tyr at position 114 of Tip488
appears to be crucial for STAT3-activation.
RESULTS
Lck is activated by both Tip484 and Tip488 in vivo
and in vitro
To compare the effects of Tip484 and Tip488 on Lck
activity in vivo, 293T cells were transfected transiently
with pCEP4 plasmids encoding either Tip or Lck, or Tip
and Lck together. Both Tip484 and Tip488 stimulated
tyrosine phosphorylation of cellular proteins when coex-
pressed with Lck in 293T cells (Fig. 2A). Tyrosine phos-
phorylation of cellular proteins in lysates was increased
at least 2.3-fold (indicated at the bottom of Fig. 2A) in
cells cotransfected with either Tip484 or Tip488 (Fig. 2A,
lanes 4 and 5 compared with lane 3). Levels of tyrosine
phosphorylation were normalized to correct for differ-
ences in the Lck expression in the transfections (Fig. 2B,
lane 3 relative to lanes 4 and 5). Activation of Lck by the
Tip proteins was apparent when Lck from the cotrans-
fected cells was assayed in vitro (Fig. 3). Tip488 stimu-
lated Lck activity twofold, whereas Tip484 stimulated the
activity of Lck 5.2-fold (Fig. 3). Although Tip488 induced
less activation of Lck than Tip484, Tip488 clearly stimu-
lated rather than inhibited Lck activity (Fig. 3). Incubation
of CD4-associated Lck, immunoprecipitated from
SAKRTL12.1 cells, with the GST-Tip (92–153) fusion pro-
tein has been shown to increase the activity of Lck in
vitro (Hartley et al., 1999). We therefore compared the
effect of the GST-Tip484 (92–153) fusion protein with that
of the homologous protein of Tip488, GST-Tip488 (135–
187), on Lck activity. To do this, anti-CD4 immunoprecipi-
tates were incubated in vitro with GST-Tip484 and GST-
Tip488 fusion proteins and the activity of Lck was as-
sayed using angiotensin as an exogenous substrate (Fig.
4). The GST-Tip484 (92–153) and GST-Tip488 (135–187)
fusion proteins increased the activity of Lck 4.3- and
3.6-fold, respectively (Fig. 4).
FIG. 1. The amino acid sequences of Tip488 (GenBank Accession
No. M55264) (Biesinger et al., 1990) and Tip484 (GenBank Accession
No. M31964) (Geck et al., 1990) aligned with each other. The Tip484
protein is 42 amino acids shorter than Tip488. They share 153 of 214
amino acids with each other (71%). The Lck-binding domains LBD1 and
LBD2 are boxed. The asterisk indicates Tyr (72/114) that is required for
STAT3 activation.
282 KJELLEN ET AL.
Tip484 and Tip488 both stimulate NF-AT- and STAT-
dependent transcription
A gene-reporter system was used to examine the
ability of Tip484 and Tip488 to stimulate NF-AT- and
STAT3-dependent transcription in Jurkat T cells. To nor-
malize differences in transfection efficiencies, a plasmid
expressing the Renilla luciferase from an actin promoter
was cotransfected in all experiments. STAT3-dependent
transcription was increased 3.6-fold by both Tip484 and
Tip488 (Fig. 5A). Consistent with this data we have ob-
served that both Tip484 and Tip488 stimulate STAT3
DNA-binding activity in an electrophoreses mobility shift
assay (our unpublished results). NF-AT-dependent tran-
scription was also considerably stimulated by both of the
Tip proteins (Fig. 5A). Tip484 increased NF-AT-depen-
dent transcription 66-fold, while the increase induced by
Tip488 was 30-fold (Fig. 5B). Although Tip488 was not as
potent as Tip484 in this assay, Tip488 activated NF-AT-
dependent transcription robustly and did not exhibit any
inhibitory activity.
Mutation of Tyr114 does not affect the ability of
Tip488 to stimulate Lck
Mutation of residue Tyr114 to Phe in Tip488 has been
reported to enhance the suppression of cellular tyrosine
phosphorylation compared with wild-type Tip (Guo et al.,
1997). We found that a mutation of Tyr114 to Phe in
Tip488 had no effect on the ability of the Tip protein to
stimulate Lck activity in transiently transfected 293T cells
(Fig. 6A). Tyrosine phosphorylation of cellular proteins in
lysates of 293T was increased 2.6-fold (indicated at the
bottom of Fig. 6A) in cells cotransfected with Tip488 F114
and 2.7-fold in cells cotransfected with wild-type Tip488
(Fig. 6A). Levels of tyrosine phosphorylation were nor-
malized to correct for differences in the Lck expression in
the transfections (Fig. 6B, lane 2 relative to lanes 3, 4,
and 5). The levels of Tip expressed in the cotransfected
cells were similar (Fig. 6C, lanes 3, 4, and 5). Additionally,
the activation of Lck by Tip488 F114 was similar to that
induced by the wild-type Tip488 when assayed in vitro
(Fig. 7). Tip488 F114 stimulated the Lck activity 2.8-fold,
whereas wild-type Tip488 stimulated the Lck activity 2.3-
fold (Fig. 7). Finally, Tip488 F114 stimulated NF-AT-depen-
dent transcription (5.3-fold increase), albeit with a slightly
lower potency than wild-type Tip488 (7.5-fold increase)
FIG. 3. Activation of Lck by both Tip484 and Tip488 is apparent when
assayed in vitro using angiotensin as an exogenous substrate. 293T
cells were transfected transiently with plasmids encoding Lck or both
Lck and Tip. Cell lysates were prepared and immunoprecipitation was
performed using antiserum to either Lck or Tip under conditions of
antibody excess. Lck was isolated using anti-Lck serum when Lck was
transfected alone or with anti-Tip serum to isolate Lck bound to Tip. Lck
in the immunoprecipitates was quantified by Western blotting with
anti-Lck and 125I–Protein A. The rate of incorporation of 32P into angio-
tensin was normalized to correct for differences in the Lck expression
level in each immunoprecipitate. The normalized rate of incorporation
of 32P into angiotensin was 2600 cpm/min for Lck, 5200 cpm/min for
(Lck  Tip488), and 13,800 cpm/min for (Lck  Tip484). Open squares,
Lck  Tip484; closed circles, Lck  Tip488; open circles, Lck. These
data are representative of three experiments.
FIG. 2. Tip484 and Tip488 both increase phosphorylation of cellular
proteins at least 2.3-fold when coexpressed with Lck in 293T cells.
293T cells were transfected transiently with plasmids encoding either
Tip or Lck, or both Tip and Lck. Lysates were prepared and analyzed by
Western blotting with antibodies to (A) phosphotyrosine (PTyr) or (B)
Lck as primary antibodies and 125I–protein A as a secondary detection
reagent. Phosphotyrosine levels in the cell lysates were quantified
using a Typhoon 8600 Variable Mode Imager. Lane 1, Tip484; lane 2,
Tip488; lane 3, Lck; lane 4, Lck  Tip484; lane 5, Lck  Tip488. The
numbers at the bottom of the anti-PTyr blot show the fold increase of
cellular tyrosine protein phosphorylation relative to that found in cells
expressing Lck alone. The phosphotyrosine levels were normalized to
correct for differences in the Lck expression in the lysates (B). These
data are representative of three experiments.
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(Fig. 8B). In contrast, Tip488 F114 failed to stimulate
STAT3-dependent transcription (Fig. 8A), which is consis-
tent with previous observations by Hartley and Cooper
(2000), who found that the homologous residue in
Tip484, Tyr72, was required for the induction of STAT3-
dependent transcription.
DISCUSSION
To understand how T cells are transformed by HVS, it
is critical to know how Lck is affected by the binding of
Tip. There are reports suggesting that whereas the Tip
protein of HVS strain 484 activates Lck, the Tip protein of
HVS strain 488 inhibits Lck. We therefore compared in
parallel the effect of Tip484 and Tip488 on Lck activity in
a number of assays. We have found that both proteins
activate Lck in vivo and in vitro and that they activate
STAT3- and NF-AT-dependent transcription in T cells. Our
results are consistent with those of Wiese et al., who
observed activation of Lck by Tip488 in BW cells
(Wiese et al., 1996). In addition, we found that Tip488
requires a Tyr at position 114 to activate STAT3 in T cells,
which is consistent with earlier observations that the
homologous residue in Tip484, Tyr72, is required for
STAT3 activation (Hartley and Cooper, 2000). Because
Tip484 and Tip488 are only 71% identical in sequence
(Fig. 1), it was formally possible that they had different
effects on Lck activity. Our results suggest however that
the two proteins exhibit similar activities. There is no
reason therefore to consider the possibility that the two
virus isolates have different mechanisms of T cell trans-
formation. Activating mutations in Lck can induce
chronic T cell activation in the absence of antigenic
stimulation (Luo and Sefton, 1992). It is reasonable to
think that chronic activation of Lck by Tip would have a
similar effect and that this could contribute to the induc-
tion of T cell malignancy by the virus. Indeed, there is one
example of spontaneous activating mutation of Lck as-
sociated with a human leukemia (Wright et al., 1994).
Reports of inhibitory activity of Tip488 come from the
study of cells, in which the Tip protein was expressed
stably (Guo et al., 1997; Jung et al., 1995b). One possible
explanation for the reported differences in activity of
Tip484 and Tip488 could be that expression of Tip in-
duces a transient stimulation of Lck activity, which is
apparent in our assays, whereas stable expression se-
lects for compensatory down-regulatory signals.
The activity of Lck is regulated by phosphorylation of
Tyr at positions 505 and 394. Phosphorylation of Tyr505
inhibits the activity of Lck (Chow et al., 1993), while
FIG. 4. Both Tip484 and Tip488 activate Lck in vitro. Complexes of
Lck and murine CD4 were isolated from SAKRTLS12.1 cells by immu-
noprecipitation with antibodies to CD4. Immunoprecipitates were incu-
bated with purified GST-Tip fusion proteins and Lck activity was exam-
ined using angiotensin as an exogenous substrate. Lck in the immu-
noprecipitates was quantified by Western blotting with anti-Lck and
125I–Protein A. The rate of incorporation of 32P into angiotensin was
normalized to correct for differences in the Lck expression level in each
immunoprecipitate. The normalized rate of incorporation of 32P into
angiotensin was 3200 cpm/min for GST, 11,600 cpm/min for Tip488
(135–187), and 13,800 cpm/min for Tip484 (92–153). Open circles, Lck
Tip484 (92–153); closed squares, Lck  Tip488 (135–187); closed cir-
cles, GST. These data are representative of three experiments.
FIG. 5. Both Tip484 and Tip488 stimulate NF-AT- and STAT3-depen-
dent transcription in Jurkat T cells. Jurkat T cells were transfected with
plasmids encoding a STAT3- or NF-AT-responsive firefly luciferase
reporter together with pCEP4 plasmids encoding Tip484 or Tip488. The
basal level represents the level found in Jurkat T cells transfected with
pCEP4 without insert. (A) Both Tip484 and Tip488 increased STAT3-
dependent transcription more than 3.6-fold compared to the basal level.
(B) Tip484 and Tip488 stimulated an increase in NF-AT-dependent
transcription 66- and 30-fold, respectively. Shown are the mean val-
ues  standard deviation of data from four separate transfections
performed in parallel. These data are representative of two such ex-
periments. Open bar, Vector (pCEP4); gray bar, Tip484; black bar,
Tip488.
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phosphorylation of Tyr394 activates it (Hardwick and
Sefton, 1995). Interestingly, mutation of both these regu-
latory sites does not prevent activation of Lck by Tip484
either in vivo or in a cell-free in vitro system (Hartley et
al., 1999), suggesting that Tip activates Lck by inducing a
conformational change. Structural analysis of the c-Src
tyrosine kinase shows that the inactive state is stabilized
by binding the phosphorylated Tyr527 to the SH2 (Src
homology-2) domain (Xu et al., 1997). This closed and
inactive state is further stabilized by binding of the SH3
(Src homology-3) domain to the linker that joins the SH2
and catalytic domains (Xu et al., 1997). Lck is almost
certainly subject to this same regulation. Displacement
of the SH3 domain of Lck by Tip, leading to a disruption
of a closed conformation, is possibly part of the mecha-
nism through which Tip activates Lck. This mechanism is
supported by results showing that displacement of the
SH3 domain of the Src-family tyrosine kinase Hck by the
Nef protein of human immunodeficiency virus type 1
causes an increase in Hck catalytic activity (Moarefi et
al., 1997). The mechanism by which Tip activates Lck will
be clarified by determination of the three-dimensional
structure of the complex. Our results support a model
where the induction of T cell disease by HVS of strain C
involves chronic activation of Lck by the Tip protein.
MATERIALS AND METHODS
Cell lines
Human kidney cells, 293T, were grown in Dulbecco-
Vogt’s modified Eagle’s medium (DMEM; Mediatech Cell-
gro, VA) supplemented with 10% bovine calf serum (Hy-
clone, UT) and penicillin/streptomycin. Jurkat cells, a
human leukemic T cell line, that express the large T
antigen of SV40 virus (Northrop et al., 1993), were grown
in RPMI 1640 medium supplemented with 10% fetal calf
serum (Hyclone), 2 mM glutamine, and penicillin/strep-
tomycin. SAKRTLS12.1 cells (Hyman and Stallings, 1992),
a mouse T cell lymphoma cell line, were grown in DMEM
supplemented with 10% bovine calf serum and penicillin/
streptomycin.
FIG. 6. Mutation of Tyr114 to Phe in Tip488 (Tip488 F114) does not
affect the ability to stimulate tyrosine phosphorylation of cellular pro-
teins. 293T cells were transfected transiently with plasmids encoding
either Tip or Lck, or both Tip and Lck. Lysates were prepared and
analyzed by Western blotting with antibodies to (A) phosphotyrosine
(PTyr), (B) Lck, or (C) Tip as primary antibodies and 125I–Protein A as a
secondary detection reagent. Phosphotyrosine levels in the cell lysates
were quantified using a Typhoon 8600 Variable Mode Imager. Lane 1,
Tip488 F114; lane 2, Lck; lanes 3 and 4, Lck  Tip488 F114; lane 5, Lck
 Tip488. The numbers at the bottom of the anti-PTyr blot show the fold
increase of cellular tyrosine protein phosphorylation relative to that
found in cells expressing Lck alone. These data are representative of
two experiments. The phosphotyrosine levels were normalized to cor-
rect for differences in the Lck expression in the lysates (B).
FIG. 7. Tip488 F114 exhibits undiminished ability to stimulate Lck
when assayed in vitro. 293T cells were transfected transiently with
plasmids encoding either Lck or Lck and Tip. Cell lysates were pre-
pared and immunoprecipitation was performed using antiserum to
either Lck or Tip under conditions of antibody excess. Lck was isolated
using anti-Lck serum when Lck was transfected alone or with anti-Tip
serum to isolate Lck bound to Tip. Lck in the immunoprecipitates was
quantified by Western blotting with anti-Lck and 125I–Protein A. The rate
of incorporation of 32P into angiotensin was normalized to correct for
differences in the Lck expression level in each immunoprecipitate.
These data are representative of two experiments. The rate of incor-
poration of 32P into angiotensin (cpm/min) is 48,000 cpm/min for Lck,
136,000 for cpm/min (Lck Tip488 F114), and 112,000 cpm/min for (Lck
WT Tip488). Closed circles, Lck Tip488 F114; open squares, Lck
WT Tip488; open circles, Lck.
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Cell lysis, immunoprecipitation, and Western blotting
293T cells were seeded at 3  105 cells per 6 cm
gelatin-coated Petri dishes the day prior to transfection.
Forty-eight hours after transfection, the cells were resus-
pended in 1 ml of lysis buffer (1% Nonidet-P40, 20 mM
Tris pH 8.4, 150 mM sodium chloride, 2 mM EDTA, and
200 M sodium vanadate). Lysates were clarified by
centrifugation at 34,000 g for 30 min at 4°C. After pre-
clearing with Protein A Pansorbin cells (Calbiochem,
CA), the lysates were incubated for 30–40 min at 4°C
with 1 l of the specified primary antiserum followed by
a second 60 min incubation with Protein A Pansorbin
cells. Immunoprecipitates were washed two to three
times in lysis buffer. Immunoprecipitates and cell lysates
were subjected to SDS–PAGE and transferred to Immo-
bilon-P (Millipore, MA) for Western blotting (Bio-Rad, CA).
Immobilon-P filters were blocked by incubation in rinse
buffer (10 mM Tris pH 7.4, 150 mM NaCl, and 0.1% NaN3)
supplemented with 3% bovine serum albumin and then
stained with rabbit anti-phosphotyrosine (Kamps and
Sefton, 1988), rabbit anti-Lck (Hurley and Sefton, 1989), or
rabbit anti-Tip antibodies (Lund et al., 1997b). Bound
antibodies were detected with 125I–protein A (Amersham
Pharmacia Biotech, NJ) and the Typhoon 8600 Variable
Mode Imager (Molecular Dynamics, CA).
Expression plasmids, mutagenesis, and production of
GST-Tip proteins
Lck, Tip from HVS strain 484 (Tip484), and Tip from
HVS strain 488 (Tip488) were cloned into pCEP4 (Invitro-
gen, CA). DNA sequence analysis showed that they were
identical in sequence to Tip484 (GenBank Accession No.
M31964) (Geck et al., 1990) and Tip488 (GenBank Acces-
sion No. M55264) (Biesinger et al., 1990) in the GenBank
database. The tyrosine to phenylalanine mutation at po-
sition 117 of Tip488 (Tip488 F117) was generated using
PCR-based site-directed mutagenesis and cloned in
pCEP4. A fragment of the Tip488 gene-encoding amino
acids 135–187, Tip488 (135–187) was amplified by PCR
using ThermalAce polymerase (Invitrogen) and cloned
into pGEX-KG (Amersham Pharmacia Biotech). This frag-
ment is homologous to amino acids 93–145 in Tip484.
The fragment of the Tip484 gene encoding amino acids
92–153, Tip484 (92–153), which has been described ear-
lier (Hartley et al., 1999), was cloned in pGEX-2T (Amer-
sham Pharmacia Biotech). The GST-fusion proteins were
expressed in BL21 or XL1-Blue Escherichia coli. GST-
proteins bound to glutathione Sepharose 4B (Amersham
Pharmacia Biotech) were eluted in 50 mM Tris–HCl pH
8.0 containing 5 mM reduced glutathione (Sigma, MO).
All DNA constructs were verified by DNA sequence anal-
ysis.
In vitro kinase assay
Immunoprecipitates were incubated with 5 Ci of
[-32P]ATP (Amersham Pharmacia Biotech) and 2 mM
[Val5]-angiotensin II (Sigma) as an exogenous substrate
in 1,4-piperazinediethanesulfonic acid (PIPES) kinase
buffer (40 mM PIPES pH 7.0, 10 mM MnCl2) for 1, 3, and
5 min at room temperature. The reactions were stopped
at the indicated times by adding 5% trichloroacetic acid
and centrifuged at 10,000 g for 10 min at 4°C. Superna-
tants were subsequently absorbed onto P81 phospho-
cellulose paper (Whatman, U.K.). The phosphocellulose
paper was washed with 0.5% phosphoric acid to remove
unincorporated [-32P]ATP. Incorporated -32P was mea-
sured using liquid scintillation counting. Lck expression
levels were quantified by Western blot and were used to
normalize the liquid scintillation counting data.
In vitro activation of anti-CD4 immunoprecipitated Lck
by Tip
Lck was isolated from 5  106 SAKRTLS12.1 cells
(Hyman and Stallings, 1992), a mouse T cell lymphoma
cell line, by immunoprecipitation with the GK1.5 (Ceredig
et al., 1983) anti-CD4 antibody prebound to Protein A
Pansorbin cells (Calbiochem) (Hartley et al., 1999). The
immunoprecipitate was incubated in a final volume of
FIG. 8. Mutation of Tyr114 to Phe in Tip488 (Tip488 F114) abolishes
the ability to stimulate STAT3-dependent transcription but has only a
slight effect on NF-AT-dependent transcription. Jurkat T cells were
transfected transiently with plasmids encoding a STAT3- or NF-AT-
responsive firefly luciferase reporter together with pCEP4 plasmids
encoding Tip488 or Tip488 F114. The basal level represents the level
found in Jurkat T cells transfected with pCEP4 without insert. (A)
STAT3-dependent transcription. (B) NF-AT-dependent transcription.
Shown are the mean values  standard deviation of data from four
separate transfections performed in parallel. These data are represen-
tative of two such experiments. Open bar, Vector (pCEP4); gray bar,
Tip488; black bar, Tip488 F114.
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280 l lysis buffer (1% Nonidet-P40, 20 mM Tris pH 8.4,
150 mM sodium chloride, 2 mM EDTA) and 500 ng of
GST-Tip protein or GST alone for 30 min at 4°C. The
immunoprecipitate was washed three times in lysis
buffer and resuspended in PIPES kinase buffer and sub-
jected to an in vitro kinase assay using [Val5]-angiotensin
II as an exogenous substrate as described above.
Luciferase assays with NF-AT and STAT3 reporters
T-antigen Jurkat cells were transfected with 1 g of
firefly luciferase reporter (NF-AT or STAT3) and 3 g of
each experimental plasmid DNA. Transfections were
performed with the DMRIE-C reagent (Life Technologies,
MD). Included in each transfection was 50 ng of a re-
porter construct that expresses Renilla luciferase under
the control of the -actin promoter. The luciferase assay
was performed using the Promega Dual-Luciferase Re-
porter system (Promega, WI) as described earlier (Hart-
ley et al., 2000). Briefly, 48 h after the transfection, ap-
proximately 2  106 cells were washed in cold PBS and
lysed in 100 l of lysis buffer (Promega) for 10 min at 4°C.
Twenty microliters from each lysate was mixed with 100
l of assay buffer (Promega) immediately prior to reading
in a Berthold Lumat LB 9507 luminometer (Perkin–Elmer,
MD). The luciferase assay was quenched by adding 100
l of Stop & Glo (Promega). The activity of Renilla lucif-
erase in each sample was then immediately measured
and used to normalize the luciferase data.
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